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We shed light on the mechanism and rate-determining steps of
the electrochemical carboxylation of acetophenone as a function of
CO,, concentration by using a robust finite element analysis model
that incorporates each reaction step. Specifically, we show that
the first electrochemical reduction of acetophenone is followed by
the homogeneous chemical addition of CO,. The electrochemi-
cal reduction of the acetophenone-CO, adduct is more facile than
that of acetophenone, resulting in an Electrochemical-Chemical-
Electrochemical (ECE) reaction pathway that appears as a single
voltammetric wave. These modeling results provide new fundamen-
tal insights into the complex microenvironment in CO5-rich media
that produces an optimum electrochemical carboxylation rate as a
function of CO, pressure.

Electrochemical CO, fixation is a grand challenge in sustain-
ability science and is also significant in the context of the electri-
fication of the chemical industry.! Specifically, selective synthe-
sis of multicarbon products via electrochemical coupling of CO,
remains challenging.? However, organic electrosynthesis has re-
cently received increased attention due to its ability to precisely
control reaction conditions and achieve novel reactivity patterns
providing access to C-C bond formation.?™ Electrocarboxylation
is a sub-class of organic electrosynthesis reactivity in which CO,
is coupled to an organic backbone, enabling the formation of C-C
bonds. In particular, electrocarboxylation of acetophenone pro-
duces atrolactic acid, a useful precursor for the production of
nonsteroidal anti-inflammatory drugs (NSAIDs) such as ibupro-
fen and naproxen. This electrochemical route provides a greener
alternative to the traditional production of hydroxyl carboxylic
acids, which requires the use of cyanohydrins and the correspond-
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ing ketones.® 2 However, achieving selective production of the
carboxylic acid product remains difficult under most conditions
due to competing alcohol production in protic solvents and re-
ductive dimerization in aprotic solvents. TOI3H15! Additionally, the
elementary steps involved in electrocarboxylation are not well un-
derstood, impeding further use of this reactivity mode to utilize
waste CO, for the production of more useful chemicals.

In a prior report, we demonstrated that CO,-eXpanded Elec-
trolytes (CXEs), electrochemical reaction media that support
multi-molar CO, concentrations, enable the selective carboxyla-
tion of acetophenone (1 in Figure [1) to produce atrolactic acid
(2 in Figure[I). We also observed that the selectivity of the reac-
tion can be optimized by tuning the CO4 concentration.’® In the
absence of CO, or at low (near atmospheric pressure) CO, con-
centrations, the rate of atrolactic acid production was low, and the
reaction primarily produced 1-phenyl ethanol by net hydrogena-
tion reactivity. At higher CO, concentrations, a dramatic increase
in production of atrolactic acid occurred. Additionally, in our sys-
tem, electrokinetic data collected as a function of CO, concentra-
tion revealed a surprising maximum rate of atrolactic acid pro-
duction at 28 bar—the very highest CO, concentration resulted
in diminished rates, despite the role of CO, as a substrate in the
overall reactivity.

To gain insight into this counterintuitive CO, concentration de-
pendence and shed light more broadly on the little-investigated
mechanism of electrochemical carboxylation, we now report the
development of a robust finite element analysis (FEA) model that
incorporates the possible individual reaction steps and enables
distinguishing the operative mechanism in CXE media. Others
have modeled electrochemical CO, reduction systems, including
the effects of electrode geometry, solution composition, and cat-
alyst properties on kinetics and mass transport. 1722 Our mod-
eling work complements these studies by providing insight into
the mechanistic pathway, overcoming the opacity of irreversible
electrochemistry. The model takes into account transport and re-
action in the 3D boundary layer adjacent to the electrode. Sev-
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Fig. 1 Proposed reaction mechanisms for the electrochemical carboxylation of acetophenone for three different electrochemical reaction pathways.
Electrochemical-Chemical-Electrochemical (ECE), Electrochemical-Electrochemical-Chemical (EEC), and Electrochemical-Concerted Chemical Elec-

trochemical E(CE).

eral rival kinetic mechanisms were evaluated with the model to
predict the experimental data acquired across varying scan rates
and CO, concentrations. The kinetic mechanism that provided
the best fit to the experimental data was deemed to be the most
plausible.

In our mechanistic studies, we considered three possible
schemes for the two-electron carboxylation reaction (Fig. [I): —
(i) two electrochemical steps followed by a homogeneous chem-
ical step (EEC), (ii) a homogeneous chemical step occurring be-
tween the electrochemical steps (ECE), (iii) and an electrochem-
ical step followed by a concerted chemical-electrochemical step
(E(EC)).23l while several studies often treat the second elec-
tron transfer and carboxylation steps as a combined reaction step
(E(EQ)),22%24! it was unclear at the outset of this work which of
the three possible mechanisms best describes this optimum in rate
versus CO, pressure.

We began the development of our FEA model by collecting
cyclic voltammograms for the reduction/carboxylation of ace-
tophenone at five different scan rates across five different CO,
concentrations in CXEs. The electrochemical cell was a cus-
tom 50 mL Parr reactor modified for electrochemical use.2> The
electrolyte consisted of dry acetonitrile with dissolved tetrabuty-
lammonium hexafluorophosphate (TBAPF¢) as the supporting
electrolyte. A three-electrode system was used consisting of a
glassy carbon working electrode (1 mm diameter), a Mg sacri-
ficial counter electrode, and a glass-fritted silver reference elec-
trode. The concentration of acetophenone remained constant at
0.1 M, accounting for the increase in volume as a function of
pressure.22128/ The reactor headspace pressure was varied from
an argon atmosphere to CO, pressures ranging from 3.4 - 41.4
bar at 25°C. Under an argon atmosphere (Fig. |2 Ar sat), a sin-
gle reduction wave was observed with no oxidation occurring on
the reverse scan. The introduction of CO, (Fig. |2} 3.4 bar CO,)
results in a slight shift in the reduction wave in the less negative
direction. Additionally, a significant increase in peak current is
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also observed.

Inspection of the voltammetry data shows that the carboxy-
lation of acetophenone does not proceed via the EEC reaction
pathway, as sequential reduction waves were not measured. In
the absence of CO,, the two-electron reduction of acetophenone
and many other aromatic ketone molecules undergo sequential
electron transfer with two distinct peaks in the voltammetry
data.®2%27 This is typically believed to be attributable to the ob-
servation that the second electron transfer is more thermodynam-
ically challenging than the first electron transfer. The absence
of sequential electron transfer behavior in the voltammetry data
thus speaks against the EEC reaction pathway in our system.

To probe the ECE reaction pathway, COMSOL Multiphysics was
used to model the physicochemical processes underlying the car-
boxylation of acetophenone. The choice of the COMSOL soft-
ware package over some more conventional voltammetry soft-
ware packages was driven by its ability to simulate and visual-
ize reactions and diffusion profiles in a 3-dimensional space (see
Supporting Information Figure S12). The rate equations for the
individual reactions (as given in Figure 1) were represented with
individual elementary kinetic steps. Such an empirical kinetic
modeling approach is necessary because it is very difficult, if not
impossible, to experimentally measure the irreversible kinetics as-
sociated with this system. Without the presence of a return oxi-
dation in the CV, it is not possible to determine parameters such
as peak-to-peak separation that provide insights into the kinetics.

Details of the numerical model can be found in the Supporting
Information. Briefly, the model relies on the actual experimental
electrode geometry and calculates the predicted current account-
ing for the mass transfer properties of all species involved, the
kinetics of both electron-transfer steps, and the kinetics of the
homogeneous chemical step. The adjustable parameters which
could be shifted to fit the simulation to the actual experimental
cyclic voltammograms include the electrochemical rate constants
(k) and k), the standard reduction potentials (£} and EY), and
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Fig. 2 Comparison of cyclic voltammetry of acetophenone carboxylation at 200 mVs™! under argon saturated, 3.4 bar, 13.8 bar, and 41.4 bar CO,
pressures on a 1 mm diameter glassy carbon electrode (solid line) with COMSOL simulations (dashed) where the potential is measured vs the Fct /Fc
redox couple. The bottom row consists of overlayed experimental and simulated data.

the homogeneous reaction rate coefficient (k;). The results of
these simulations can be found in the center and bottom rows
of Fig.[2l Supporting Information Table S1 shows the simulated
kinetic information for the experiments at various CO, pressures.

We have found reasonable agreement between the COMSOL
simulation results and the experimental voltammetric data at var-
ious CO, pressures. The correspondence of the simulated and ex-
perimental voltammograms at the various scan rates and at each
pressure is shown in Figures S2-S6 in the Supporting Informa-
tion. Under Ar-saturated conditions, the model predicted a single
one-electron transfer voltammetric wave, as was observed exper-
imentally (Figure S2). The absence of CO, made the reaction
unable to proceed through the proposed ECE reaction pathway,
and our simulation predicts this expected behavior.

At CO, pressures of 3.4 bar, 13.8 bar, and 28.6 bar, the model
predicts an increase in the peak current and a slightly less neg-
ative shift in the onset, as was observed experimentally in each
Examination of the simulated kinetic rate constants and
standard reduction potentials for the electron transfer reactions
show that the second reduction of the radical acetophenone-CO,
adduct is more facile than the first reduction of acetophenone.
This is a notable finding because the simulation shows that no
direct CO, electrochemistry occurs during electrocarboxylation
(i.e., no CO, radical is formed) and that the addition of CO, to
the organic structure enables the second electron transfer. While
a more detailed molecular dynamic model may be necessary to
determine the involvement of concerted mechanisms, the sec-
ond electron transfer can be reliably concluded to be significantly
faster than the first. Additionally, the extracted kinetics for the
homogeneous chemical step and the second electron-transfer step
point to the ECE mechanism over the concerted mechanism. Both
our simulations show a moderate lifetime for the acetophenone-
CO, anion, and the size of a CO, molecule make a concerted
mechanism less plausible.

As seen in the experimental data (Fig. [2} 41.4 bar CO,), the

case.

voltammetric wave changes shape when the CO, pressure is in-
creased to 41.4 bar. The simulation for the ECE mechanism fits
the unique shape at this elevated pressure via decreasing the val-
ues of the kinetic rate constants for the electron transfer reactions
while keeping their standard reduction potentials constant. Inter-
estingly, we observed a similar pattern at higher CO, pressures
during direct CO, electroreduction on a model polycrystalline
gold catalyst in CXE media.?®/ The COMSOL simulation predicted
an attenuation of the electron transfer kinetic rate constant in this
system as well. This suggests that the rate inhibition in the elec-
trochemical reactions studied here and in our prior work16122126
may be linked to a change in bulk property of the CXE medium
(such as a lower polarity or conductivity) at higher CO, pressures
that affect the mobility of available electrolyte ions and/or the
structure of the electrochemical double layer.

Within the overall reaction paradigm described above, sensitiv-
ity analysis was performed by varying E?, Eg, k?, k,, and k(3) to
discern possible rate-determining step(s). The coefficient of de-
termination, R2, was used to infer the extent of sensitivity of the
COMSOL simulation to various parameters, as shown in (Figures
S7 - S11, Supporting Information). The parameters E{ and K0
were found to be most sensitive to changes in their values, sug-
gesting that the first electron transfer is the rate-determining step.

As shown in Fig. 3a, the measured rate of production of atro-
lactic acid that was reported in our previous publication1® shows
a non-monotonic dependence on CO, headspace pressure (i.e.,
CO, concentration in the liquid phase). A plot of the product of
k¥ and the liquid phase CO, concentration shows a similar trend
(Fig. [3h, blue points). However, a plot of the regressed rate con-
stant (k‘l)) vs. CO, head pressure (Fig. ) shows that while the
rate constant remains virtually independent of CO, head pressure
until 28 bar, it decreases rather steeply beyond this CO, pressure.
Thus, a decrease in the rate of the first electron transfer dictates
the behavior of our CXE-based system for electrocarboxylation, a
reasonable conclusion since the analysis described above suggests
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Fig. 3 (a) Comparison of the measured rate of atrolactic acid produc-
tion from bulk electrolysis (red - from ref. 16) with the product of the
simulated electron transfer kinetics and the CO, concentration (blue) at
various CO, head-space pressures. (b) Simulated variation of electron-
transfer kinetic rate constants (red) with CO, concentration in the CXE
(blue) as a function of CO, head-space pressure.

that this step is rate determining. We attribute this drop to inhibi-
tion of ion transport in the CXE microenvironment, which could
be dominated by non-polar CO, at the higher pressures of CO,.
Consequently, CO, can be viewed to inhibit the facile generation
of acetophenone radicals at high CO, concentrations, resulting
in an optimum CO,, pressure that maximizes the rate of atrolac-
tic acid formation by providing sufficient CO, to react while not
using such high pressures that electron transfer is decelerated sig-
nificantly through dissolution of very large quantities of CO,.

In conclusion, the detailed modeling of the physicochemical
processes underlying the electrochemical acetophenone carboxy-
lation described here highlights the role of the CXE microenviron-
ment at the electrode in governing reaction outcomes in CXEs.
Our elucidation of a plausible rate determining step in the mech-
anistic model also helps unravel the origin of the non-monotonic
dependence of rate on CO, pressure. These insights provide guid-
ance for future interrogation of CXE microenvironments; these
would have been inaccessible without global simulation of the
voltammetry data to its irreversible nature. We emphasize that
electrochemical carboxylation of acetophenone can occur in the
CXE environment without direct CO, reduction, contributing to
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high rates and selectivities when sufficient liquid-phase CO, is
present. These conditions thus avoid the need for production of
CO, ", a species well known to be difficult to access under most
conditions. On the other hand, the complexity of the microenvi-
ronment under ultra-high CO, concentrations (e.g., exceeding 5
M) results in a trade-off between CO, availability and enabling
fast electron transfer. For the current system, this optimum pres-
sure (ca. 30 bar) is fairly mild from an industrial and practical
standpoint, making CXE media ideal for further development of
practical electrocarboxylation systems.
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